Transition metal functional oxides, e.g., perovskite manganites, with strong electron, spin and lattice correlations, are well-known for different phase transitions and field-induced colossal effects at the phase transition. Recently, the interfaces between dissimilar perovskites were shown to be a promising concept for the search of emerging phases with novel functionalities. We demonstrate that the properties of manganite films are effectively controlled by low dimensional emerging phases at intrinsic and extrinsic interfaces and appeared as a result of symmetry breaking. The examples include correlated Jahn-Teller polarons in the phase-separated (La 1−y Pr y ) 0.7 Ca 0.3 MnO 3 , electron-rich Jahn-Teller-distorted surface or "dead" layer in La 0.7 Sr 0.3 MnO 3 , electric-field-induced healing of "dead" layer as an origin of resistance switching effect, and high-T C ferromagnetic emerging phase at the SrMnO 3 /LaMnO 3 interface in superlattices. These 2D polaronic phases with short-range electron, spin, and lattice reconstructions could be extremely sensitive to external fields, thus, providing a rational explanation of colossal effects in perovskite manganites.
located at the interfaces in perovskite superlattices. By using Raman, surface-and tip-enhanced Raman (SERS and TERS) spectroscopy we have directly demonstrated that the CMR effect is related to the magnetic-field-induced suppression of JT polaronic nanophases [30, 31] ; in this sense, it could also be called the colossal magneto-phononic effect. By applying SERS, we observed such phases at the surface of a manganite [32] because of the symmetry-break-induced electronic reconstruction, theoretically predicted by Calderon et al. [33] . The importance and novelty of artificial nanoscale EPs is highlighted by the observations of (1) a high-T C ferromagnetic EP at the SrMnO 3 (top)/LaMnO 3 (bottom) (SMO/LMO) interface [34] caused by the electron transfer from the LMO "donor" layer into the SMO "acceptor" layer, and (2) the electric-field-induced resistance switching in the layer-by-layer fashion [35] of electrically highly isolated "dead layer" at the La 0.7 Sr 0.3 MnO 3 (LSMO) surface and formation of the embedded conducting layers, which allow a robust multi-state memristive functionality.
Experimental Techniques

Metalorganic Aerosol Deposition (MAD) Technique
The MAD technique was originally developed to grow epitaxial films of high-T C superconductors YBa 2 Cu 3 O 7−x [36] . Later on, other functional oxides, such as manganites, cobaltates, titanites, ruthenates, manganite/titanite superlattices, and nanocomposite films [22, [37] [38] [39] [40] [41] [42] , as well as single-oxide films of ZnO, MgO, Al 2 O 3 , have been successfully obtained by MAD. The essence of a vacuum-free MAD, operating at a high partial pressure of oxygen, pO 2~0 .2 bar, is the use of aerosols of solutions of metalorganic precursors, containing all necessary chemical ingredients, e.g., La-, Caand Mn-acetylacetonates, in a molecular form. The precursor solution is sprayed using a pneumatic nozzle onto a heated substrate, T sub = 400-900 • C, by using a compressed spraying gas (air or oxygen). An oxide film grows as a result of a heterogeneous pyrolysis reaction at the substrate surface in an oxygen-containing gas media. A high-temperature gradient close to the substrate leads to the formation of a dense mixed phase with coexisting liquid, vapor, and solid fractions in a very narrow "stagnation" region ≤1 mm over the substrate surface. This high-temperature "precursor phase" is the hallmark of MAD: The growth here deviates strongly from the non-equilibrium growth in physical (PVD) and chemical (CVD) vapor deposition and approaches an equilibrium growth similar to that in a liquid phase epitaxy (LPE). The advantage is a drastic decrease in the temperature-dependent supersaturation degree, α, and a concomitant increase in the nucleation cluster size, r S~1 /α [43, 44] . As a result, the MAD growth conditions allow one to obtain epitaxial oxide films, nanocomposites, and heterostructures of high crystalline quality and perfect surface morphology [37, 38, 41] .
In Figure 1 we present the scheme of the advanced MAD apparatus [28] , which was developed recently with the main aim of improving growth precision. A specially designed pneumatic nozzle with up to 6 liquid channels is supplied by a SyrDos liquid dosing units (HiTec Zang GmbH). The precursor volume was controlled with accuracy, δV = 0.1 µL, which corresponds to a layer with the thickness ≈ 10 −2 u.c. The film growth can be monitored in situ using an optical ellipsometry setup of polarizer-modulator-sample-analyzer (PMSA) type [45] . The complex reflection coefficient, ρ = r p /r s = tanψ × e i∆ , of a linearly polarized He-Ne laser beam (λ = 632.8 nm) at the Brewster incidence angle, θ B (STO) = 62 • , was measured using a lock-in-technique on ω = 50 kHz and 2ω = 100 kHz, frequencies. The phase shift, ∆, between the parallel (p-) and perpendicular (s-) component of the reflected beam, was calculated as ∆ = arctan(I ω /I 2ω ) [45] ; here I ω and I 2ω are the measured intensities of the reflected light. The ellipsometric signal at an angle of incidence θ B , being extremely sensitive [45] to the changes of the film's optical properties, is used for the in situ growth monitoring of semiconducting A III B V films [46, 47] within metalorganic chemical vapor deposition (MOCVD). Since MAD is a vacuum-free technique, the optical ellipsometry provides a unique possibility for in situ growth control. Note, the reflection high-energy electron diffraction (RHEED) technique can operate at very low pO 2 < 1 mbar in pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) setups. Figure 1 . The scheme of the metalorganic aerosol deposition (MAD) apparatus equipped with a precision liquid pump system and in situ growth monitoring by means of optical ellipsometry. Reproduced from [28] with the permission of AIP Publishing.
Ellipsometry monitoring during the MAD growth of 5 nm thick LSMO/STO (100) film is shown in Figure 2 . After overcoming a transition region with a thickness D0 ~ 3 u.c. close to the STO substrate, a linear time dependence Δ(t) was observed in agreement with a constant growth rate, v =4 .8 nm/min. The Δ(t) behavior can be renormalized into a thickness dependence as Δ = A*(v*t) = A*D and the phase shift rate, ALSMO = dΔ/dD ≈ 0.32°/u.c., was found to be constant during the growth, reflecting the constant optical properties of a homogeneously doped LSMO film with constant electronic density, N = 1 − x. Thus, the ellipsometric phase shift rate, dΔ/dD, is assumed to be a probe of the charge density/u.c. or, in case of (LMO)m/(SMO)n superlattices 34 of the averaged doping level, x = n/(m + n) in superlattices (SLs) (see Section 3.3 below). Reproduced from [28] with the permission of AIP Publishing.
Ellipsometry monitoring during the MAD growth of 5 nm thick LSMO/STO(100) film is shown in Figure 2 . After overcoming a transition region with a thickness D 0~3 u.c. close to the STO substrate, a linear time dependence ∆(t) was observed in agreement with a constant growth rate, v =4.8 nm/min. The ∆(t) behavior can be renormalized into a thickness dependence as ∆ = A*(v*t) = A*D and the phase shift rate, A LSMO = d∆/dD ≈ 0.32 • /u.c., was found to be constant during the growth, reflecting the constant optical properties of a homogeneously doped LSMO film with constant electronic density, N = 1 − x. Thus, the ellipsometric phase shift rate, d∆/dD, is assumed to be a probe of the charge density/u.c. or, in case of (LMO) m /(SMO) n superlattices 34 of the averaged doping level, x = n/(m + n) in superlattices (SLs) (see Section 3.3 below). The currently developed MAD was shown to be successful in preparation of various oxide films and heterostructures of correlated oxides with very high crystalline quality. Moreover, B-site ordered double perovskite films, e.g., RE 2 CoMnO 6 (RE = La, Pr, Nd, etc.), with perfect crystallinity and a high degree of B-site ordering~98% were obtained [48] [49] [50] . In addition, we have demonstrated the growth of intrinsically layered Ruddlesden-Popper heterostructures, e.g., SrO(SrTiO 3 ) n (n = 1-4), by means of the atomic layer epitaxy [28, 29] (ALE); this type of growth has been realized earlier only by means of MBE [51] . All this demonstrates that MAD with the growth control down to 1 monolayer has a great potential for oxide films and heterostructures.
Raman Spectroscopy
Since the discovery of high-T C superconductivity in cuprates [52] , Raman spectroscopy has been shown to be a powerful and nondestructive method to study the structure and electron-phonon coupling in strongly correlated oxides. Numerous Raman studies on doped manganites, performed up to now, focused on the relationships between the structure, chemical composition, and temperature [53] [54] [55] [56] [57] [58] [59] . Moreover, Iliev et al. [60] addressed the JT disorder due to the statistical distribution of Mn 3+ and Mn 4+ caused by doping. They have shown that Raman spectra reflect unambiguously the structural disorder induced by short-range JT distortions, which vary with doping level and temperature. The difference between the Raman spectra of the JT disordered LPCMO film [30] and of the cation ordered La 2 CoMnO 6 (LCMO) film [48, 49] is shown in Figure 3 . One can clearly see that LPCMO ( Figure 3a ) with stochastically distributed Mn 3+ /Mn 4+ ions due to Ca-doping display weak and very broad two Raman bands with FWHM~100 cm −1 , which can be fitted by Gauss functions. These bands originate from the antistretching (A 2g around 490 cm −1 ) and stretching (B 2g around 614 cm −1 ) JT vibrations of MnO 6 octahedra. In addition, one can also see a sharp bending mode (B 2g around 440 cm −1 ). In contrast, the Raman spectrum of a B-site ordered double perovskite film LCMO ( Figure 3b ) with only Co 2+ and Mn 4+ ions [48] (they both are not JT ions) and without JT disorder is composed of narrow and strong Raman phonon modes (A g breathing and B 1g combined modes around 640 cm −1 and 480 cm −1 , respectively) with FWHM~30 cm −1 , which can be nicely fitted by Lorenz functions. To study the JT correlated polaronic phases, we applied additionally to normal Raman spectroscopy the Tip-(TERS) [61] and surface-enhanced-Raman spectroscopy [32] (SERS). These techniques, both based on the enhancement of electric field close to a metallic surface, i.e., Au tip in TERS and Au nanoparticles in SERS, by surface plasmons, allow one to significantly increase the Raman cross-section and, thus, to "visualize" lattice vibrations (phonons) at the film surface. TERS and SERS are widely used for studies of biomolecules as they allow an ultimate high sensitivity down to the single molecule. However, SERS and TERS have been rarely applied to study surfaces of thin solid films.
Emergent Phases in Manganite Films and Superlattices
Polaronic EPs at the Internal Interfaces in the Phase Separated LPCMO
We have studied the classical CMR manganite-LPCMO (y = 0.4) films [30, 31] heteroepitaxially grown on MgO(100) in a strain-free state by the MAD technique. Complex measurements of magnetization, linear and nonlinear electrical resistance, as well as Raman spectroscopy, were carried out to monitor the temperature-and magnetic field-driven development of JT correlated polarons (see Figure 4 ). The main result is that CMR in the phase separation regime for 180 K < T C < 220 K originates from a peculiar magnetic/electric state with FM nano-domains with averaged radius, R FM~6 -8 nm, AFM coupled by correlated JT polarons (CPs). The anomalous increase in the coercive field by approaching T C from below in Figure 4 evidences the enhancement of AFM coupling. The concentration of polarons, estimated from the nonlinear electrical resistance (see Figure 4 ), increases steeply to a value n CP~0 .5% as the temperature approaches T C .
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Emergent Phases in Manganite Films and Superlattices
Polaronic EPs at the Internal Interfaces in the Phase Separated LPCMO
We have studied the classical CMR manganite-LPCMO (y = 0.4) films [30, 31] heteroepitaxially grown on MgO(100) in a strain-free state by the MAD technique. Complex measurements of magnetization, linear and nonlinear electrical resistance, as well as Raman spectroscopy, were carried out to monitor the temperature-and magnetic field-driven development of JT correlated polarons (see Figure 4 ). The main result is that CMR in the phase separation regime for 180 K < TC < 220 K originates from a peculiar magnetic/electric state with FM nano-domains with averaged radius, RFM ~ 6-8 nm, AFM coupled by correlated JT polarons (CPs). The anomalous increase in the coercive field by approaching TC from below in Figure 4 evidences the enhancement of AFM coupling. The concentration of polarons, estimated from the nonlinear electrical resistance (see Figure 4 ), increases steeply to a value nCP ~ 0.5% as the temperature approaches TC. This agrees nicely with the increase in the intensity of JT bands in the vicinity of TC, observed by the temperature-dependent Raman spectroscopy shown in Figure 5 . As the film undergoes an FM phase transition, the intensity of JT phonon bands (ωs) gets suppressed, and the intensity of the bending mode (ωbend) starts to grow in the FMM state. This agrees nicely with the increase in the intensity of JT bands in the vicinity of T C , observed by the temperature-dependent Raman spectroscopy shown in Figure 5 . As the film undergoes an FM phase transition, the intensity of JT phonon bands (ω s ) gets suppressed, and the intensity of the bending mode (ω bend ) starts to grow in the FMM state. The ultimate evidence for the decisive role of correlated polarons in CMR was obtained by magnetic-field-dependent Raman spectroscopy. As one can see in Figure 6 , the applied field close to TC suppresses the JT phonon bands or, in other words, the JT disorder in the MnO6 network. Simultaneously, the lattice order, described by the enhancement of the bending phonon mode (ωbend), increases. Far below and far above TC, no effect of the magnetic field on Raman spectra was detected in remarkable analogy to the minor resistance changes in the magnetic field for T << TC and T >> TC seen in Figure 4 . Note, that even quantitative agreement between the calculated values of CMR = 100% × (R(0) − R(5T))/R(5T) = 7000% and the magnetic-field-induced suppression of the intensity of JT phonon band (ωs), 100% × (I(0) − I(5T))/I(5T)=(6-9) × 10 3 was obtained [31] , unambiguously evidencing the decisive role of JT correlated polarons in CMR.
We modeled the magnetic structure (see the sketch in Figure 4 ) within the phase separation scenario [15] as an assembly of single-domain ferromagnetic nanoparticles, antiferromagnetically coupled (pinned) by correlated JT polarons (CPs) located at the domain walls. CPs as short-rangeordered lattice superstructures with correlation length δ ~ 1-2 nm and charge/orbital ordering (COO) of CE type were detected previously in neutron and x-ray scattering [62] [63] [64] [65] . A preferred formation The ultimate evidence for the decisive role of correlated polarons in CMR was obtained by magnetic-field-dependent Raman spectroscopy. As one can see in Figure 6 , the applied field close to T C suppresses the JT phonon bands or, in other words, the JT disorder in the MnO 6 network. Simultaneously, the lattice order, described by the enhancement of the bending phonon mode (ω bend ), increases. Far below and far above T C , no effect of the magnetic field on Raman spectra was detected in remarkable analogy to the minor resistance changes in the magnetic field for T << T C and T >> T C seen in Figure 4 . Note, that even quantitative agreement between the calculated values of CMR = 100% × (R(0) − R(5T))/R(5T) = 7000% and the magnetic-field-induced suppression of the intensity of JT phonon band (ω s ), 100% × (I(0) − I(5T))/I(5T) = (6-9) × 10 3 was obtained [31] , unambiguously evidencing the decisive role of JT correlated polarons in CMR.
We modeled the magnetic structure (see the sketch in Figure 4 ) within the phase separation scenario [15] as an assembly of single-domain ferromagnetic nanoparticles, antiferromagnetically coupled (pinned) by correlated JT polarons (CPs) located at the domain walls. CPs as short-range-ordered lattice superstructures with correlation length δ~1-2 nm and charge/orbital ordering (COO) of CE type were Crystals 2019, 9, 489 8 of 23 detected previously in neutron and x-ray scattering [62] [63] [64] [65] . A preferred formation of the insulating COO phase at two-dimensional defects, such as surfaces and interfaces, is well documented in the literature [40, 66, 67] and can be understood by assuming a weakening of the concurring FM double exchange at defects. Phenomenological Ginzburg-Landau approaches predict the formation of a charge-ordered [68] and AFM state [69] within the domain wall, especially when the bulk (domain) phase is located not far away from the FM/AFM boundary in the phase diagram [5] . This is exactly the case for our LPCMO, which is bandwidth controlled by Pr substitution to be close [70] but not crossing the FMM/AFMI phase boundary, which lies at y~0.6-0.7 [71] . A nice correspondence between generic theoretical phase diagram [5] and experimental data [70] on optimally doped strain-free manganite films with different Goldschmidt tolerance factor 1 
was obtained assuming the electron-phonon coupling constant, λ, scales with the deviation of the perovskite structure from the cubic one with t = 1, i.e., λ~1−t. Thus, domain walls in LPCMO provide a unique intrinsic possibility to host CPs, which then possess short-range AFM correlations in agreement with the AFM ground state of the CE phase.
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of the insulating COO phase at two-dimensional defects, such as surfaces and interfaces, is well documented in the literature [40, 66, 67] and can be understood by assuming a weakening of the concurring FM double exchange at defects. Phenomenological Ginzburg-Landau approaches predict the formation of a charge-ordered [68] and AFM state [69] within the domain wall, especially when the bulk (domain) phase is located not far away from the FM/AFM boundary in the phase diagram [5] . This is exactly the case for our LPCMO, which is bandwidth controlled by Pr substitution to be close [70] but not crossing the FMM/AFMI phase boundary, which lies at y ~ 0.6-0.7 [71] . A nice correspondence between generic theoretical phase diagram [5] and experimental data [70] on optimally doped strain-free manganite films with different Goldschmidt tolerance factor 1 , t = (rA + rB)/√2(rB + rO) was obtained assuming the electron-phonon coupling constant, λ, scales with the deviation of the perovskite structure from the cubic one with t = 1, i.e. λ ~ 1−t. Thus, domain walls in LPCMO provide a unique intrinsic possibility to host CPs, which then possess short-range AFM correlations in agreement with the AFM ground state of the CE phase. As a result, a peculiar low-field CMR behavior with magnetic hysteresis and slow resistance relaxation, both induced by the magnetization reversal, was observed in the phase-separated (mixed) state [30] . The T-scale for the mixed state and the underlying AFM coupling in LPCMO is limited from above by the appearance of charge ordering at TCO ∼ 220-230 K [13, 31] , which breaks the high symmetry of the PM phase and enhances the formation of CPs. Within the narrow temperature interval, 180 K < TC < TCO, a mixed phase with AFM layers and coupled FM nanodomains exists, yielding extremely large field-induced changes in the resistance and in the Raman spectra, accompanied by a metamagnetic transition [30] . If a manganite undergoes FM transition above TCO, such as optimally doped La0.7Ca0.3MnO3 with TC ~ 260 K, a much moderated CMR ~ 400% can be As a result, a peculiar low-field CMR behavior with magnetic hysteresis and slow resistance relaxation, both induced by the magnetization reversal, was observed in the phase-separated (mixed) state [30] . The T-scale for the mixed state and the underlying AFM coupling in LPCMO is limited from above by the appearance of charge ordering at T CO ∼ 220-230 K [13, 31] , which breaks the high symmetry of the PM phase and enhances the formation of CPs. Within the narrow temperature interval, 180 K < T C < T CO , a mixed phase with AFM layers and coupled FM nanodomains exists, yielding extremely large field-induced changes in the resistance and in the Raman spectra, accompanied by a metamagnetic transition [30] . If a manganite undergoes FM transition above T CO , such as optimally doped La 0.7 Ca 0.3 MnO 3 with T C~2 60 K, a much moderated CMR~400% can be observed because the concentration of CPs [30] in LCMO, n CP~1 0 −4 %, is much lower than that in LPCMO. It is worth noting, a very small CMR~30%, observed in a classical double exchange material La 0.7 Sr 0.3 MnO 3 with rhombohedral (R-3c) structure, is explained by the absence of CPs simply because this structure is not compatible with static JT distortions.
Summarizing, the small size of FM nanodomains, R FM ∼ 6-8 nm, in compositionally tuned LPCMO with relatively strong electron-phonon coupling taken together with the estimated coupling constant, J AFM = 4.5 × 10 4 J/m 2 , provide a rational solution of the long-standing issue in CMR physics, i.e., how a tiny amount of CPs can be responsible for extremely large magnetic-field-induced changes in electrical resistance. Note, that colossal effects are not limited to CMR, very large and hysteretic field-induced changes of refractive index [8] and of the elastic moduli [9] were also observed in LPCMO.
EPs at the Surface of Manganite Films
Symmetry Breaking Effect
Considering the above mentioned preferable nucleation of correlated JT polarons at 2D defects, one can suggest the surface of a manganite can also host CPs. Moreover, we can correlate the CPs at the surface with a well-known problem of the so-called "dead layer" (DL) at the surface and/or at the interface manganite/substrate. A non-ferromagnetic and insulating DL at the surface of manganite films was observed by conducting atomic force microscopy [72, 73] , x-ray magnetic circular dichroism (XMCD) [74] on La 0.7 Ca 0.3 MnO 3 (LCMO) and by x-ray resonant magnetic scattering (XRMS) [75, 76] on La 0.7 Sr 0.3 MnO 3 (LSMO). The DL behavior, being in strong contrast to the FMM ground state in the volume of a manganite film, points out to a symmetry-break-induced electronic and structural reconstruction at the manganite surface. According to earlier theoretical models, the surface (DL) was predicted to be electronically-rich [33] or to show a peculiar 2D structure of CE type, which is similar to that found in half-doped manganites [66] .
As we have shown very recently [32] the SERS technique with its high sensitivity can be applied for the study of real surfaces of LSMO and LCMO films. To do this, we have elaborated a simple way to deposit Au-nanoparticles (Au-NPs) on the surface of a film by using the MAD technique [77] . High pO 2~0 .2 bar within MAD allows one to prevent deoxygenation of the manganite surface while deposition of Au-NPs, thus, keeping the surface intact. As a result, magnetic and electric properties of ultrathin LSMO/STO(001) films with a thickness of 12 u.c. remain the same before and after the deposition of Au-NPs (see Figure 7) . A scanning electron microscopy image in the inset of Figure 7 indicates a homogeneous covering of Au-NPs with a rather broad particle size distribution, commonly observed for aerosol-or vapor-based nanoparticle growth [78, 79] . A mean particle size of d Au~1 6 nm was obtained.
The usual (bulk) Raman spectrum and SERS of an LSMO/MgO(200) film are presented in Figure 8a ,b, respectively. The important lines in the "bulk" spectrum of LSMO relate to the rotational (178 cm −1 , A 1g ) and bending (422 cm −1 , E g ) modes in agreement with previous reports [80, 81] and lattice dynamics calculations [82] . Additional, forbidden in the R-3c structure of LSMO [82, 83] , weak "orthorhombic" contributions at 331 and 396 cm −1 and the JT modes at 470 and 630 cm −1 were also observed. The probable reason is the existence of small orthorhombic distortion at the film/substrate interface [84, 85] due to strain-releasing misfit dislocations within the first ≈ 2 nm from the interface [86] . After overcoming this defect-and strain-rich region the film grows strain-and almost defect-free [37] with the pseudocubic lattice constant, C film = 3.882 Å, very close to the bulk value.
deposition of Au-NPs, thus, keeping the surface intact. As a result, magnetic and electric properties of ultrathin LSMO/STO(001) films with a thickness of 12 u.c. remain the same before and after the deposition of Au-NPs (see Figure 7) . A scanning electron microscopy image in the inset of Figure 7 indicates a homogeneous covering of Au-NPs with a rather broad particle size distribution, commonly observed for aerosol-or vapor-based nanoparticle growth [78, 79] . A mean particle size of dAu~16 nm was obtained. cm −1 , A1g) and bending (422 cm −1 , Eg) modes in agreement with previous reports [80, 81] and lattice dynamics calculations [82] . Additional, forbidden in the R-3c structure of LSMO [82, 83] , weak "orthorhombic" contributions at 331 and 396 cm −1 and the JT modes at 470 and 630 cm −1 were also observed. The probable reason is the existence of small orthorhombic distortion at the film/substrate interface [84, 85] due to strain-releasing misfit dislocations within the first ≈ 2 nm from the interface [86] . After overcoming this defect-and strain-rich region the film grows strain-and almost defectfree [37] with the pseudocubic lattice constant, Cfilm = 3.882 Å, very close to the bulk value. A broad feature with a maximum at ~515 cm −1 corresponds to a collective plasma-like excitation in LSMO [58] . The SERS of LSMO, shown in Figure 8b reveals a strong enhancement of the JT bands at 477 and 616 cm −1 , i.e., the SERS contrast ISERS/IRaman = 31-34, compared to the relatively weak enhancement of the rotational and bending mode ISERS/IRaman = 7. The enhancement cannot be caused by the film/substrate interface since the surface plasmon electric field decays very fast within the film body. Considering the film thickness, dfilm = 89 nm, and the distance dependence of the plasmonic enhancement [87] , I(r)~1/r 10 , the enhancement contribution from the film/substrate interface would be only ~10 −8 compared to that of the surface. Thus, the observed enhancement of the JT modes in the SERS of LSMO is definitely a surface phenomenon.
We have argued [32] the appearance of the JT-like modes at the LSMO surface is an electronically driven intrinsic process directed to compensate the electrostatic mismatch at the film/vacuum interface. This proceeds by means of a charge transfer from the film volume to the surface and leads to the formation of an insulating Mn 3+ -rich surface layer in accordance with the earlier theoretical A broad feature with a maximum at~515 cm −1 corresponds to a collective plasma-like excitation in LSMO [58] . The SERS of LSMO, shown in Figure 8b reveals a strong enhancement of the JT bands at 477 and 616 cm −1 , i.e., the SERS contrast I SERS /I Raman = 31-34, compared to the relatively weak enhancement of the rotational and bending mode I SERS /I Raman = 7. The enhancement cannot be caused by the film/substrate interface since the surface plasmon electric field decays very fast within the film body. Considering the film thickness, d film = 89 nm, and the distance dependence of the plasmonic enhancement [87] , I(r)~1/r 10 , the enhancement contribution from the film/substrate interface would be only~10 −8 compared to that of the surface. Thus, the observed enhancement of the JT modes in the SERS of LSMO is definitely a surface phenomenon.
We have argued [32] the appearance of the JT-like modes at the LSMO surface is an electronically driven intrinsic process directed to compensate the electrostatic mismatch at the film/vacuum interface. This proceeds by means of a charge transfer from the film volume to the surface and leads to the formation of an insulating Mn 3+ -rich surface layer in accordance with the earlier theoretical model of Calderon et al. [33] . As a consequence, the crystal structure at the surface of LSMO changes from the rhombohedral (R3c) in bulk the orthorhombic (P nma ) structure [88] , which is compatible with the JT modes. In addition, we assume that the enhancement of the Mn 3+ /Mn 4+ disorder in octahedral network yields to a highly insulating surface layer called the dead layer.
To model the surface structure of LSMO, we compared the intensity contrasts of the different modes. Considering the 1/r 10 distance dependence of the plasmonic enhancement [87] , the significantly higher SERS contrast of JT modes compared to the bending mode is directly related to a stronger JT surface contribution. The bending mode can be considered as a bulk-like mode and can be used to estimate the thickness of the JT-distorted surface layer. Using the simplified sphere model, the SERS intensity shows a distance dependence [87] I SERS ∼ [(1 + r/a)] −10 , shown in Figure 9 . Here I SERS is the SERS intensity of the Raman mode, a is the curvature radius of the field enhancing Au surface, approximated by the mean particle size d NP ≈ 16 nm, and r the distance from the metallic surface to the adsorbate. Since the bending mode is treated as a bulk mode, the determined ratio η = C bend /C JT ≈ 7/31 represents the weakening of plasmonic enhancement within the distorted surface layer. Its thickness can be estimated from the dependence in Figure 9 by finding the distance, r, at which the η ≈ 7/31; this yields the thickness of LSMO surface layer, d JT ≈ 7 u.c. ≈ 2.7 nm. This value corresponds well to those obtained for the AFMI surface layer from XMCD [74] and XRMS [76] . Figure 9 . Here ISERS is the SERS intensity of the Raman mode, a is the curvature radius of the field enhancing Au surface, approximated by the mean particle size dNP ≈ 16 nm, and r the distance from the metallic surface to the adsorbate. Since the bending mode is treated as a bulk mode, the determined ratio η = Cbend/CJT ≈ 7/31 represents the weakening of plasmonic enhancement within the distorted surface layer. Its thickness can be estimated from the dependence in Figure 9 by finding the distance, r, at which the η ≈ 7/31; this yields the thickness of LSMO surface layer, dJT ≈ 7 u.c. ≈ 2.7 nm. This value corresponds well to those obtained for the AFMI surface layer from XMCD [74] and XRMS [76] . 
Electric Field Effect
Electric-field-driven resistive switching, being widely spread phenomenon in heterostructures of correlated oxides, including perovskite manganites, [89] [90] [91] was believed to be promising for novel multistate resistive memory (memristive) applications including advanced neuromorphic computing [73, 92, 93] . Recently [35] we have demonstrated that a multistate functionality can be obtained in an intrinsic heterostructure, comprising the "dead layer" (DL) at the surface of a manganite film. The DL acting as a tunneling barrier plays a most active role being electrically switchable in monolayer 
Electric-field-driven resistive switching, being widely spread phenomenon in heterostructures of correlated oxides, including perovskite manganites, [89] [90] [91] was believed to be promising for novel multistate resistive memory (memristive) applications including advanced neuromorphic computing [73, 92, 93] . Recently [35] we have demonstrated that a multistate functionality can be obtained in an intrinsic heterostructure, comprising the "dead layer" (DL) at the surface of a manganite film. The DL acting as a tunneling barrier plays a most active role being electrically switchable in monolayer steps between two intrinsically well-defined resistance states.
The resistive switching behavior at the free surface of a heteroepitaxial La 0.85 Sr 0.15 MnO 3 /MgO film grown by MAD was analyzed by conductive atomic force microscopy (CAFM). Switching experiments were carried out at room temperature with an Omicron VT-AFM under UHV (< 3 × 10 −10 mbar). Commercial Pt-coated probes from MikroMasch with a spring constant of 0.15 N/m were used. CAFM measurements were recorded at vertical force set points ≤ 5 nN, and all current maps were recorded at a positive tip bias of 0.1 V. CAFM scanning over the sample surface, accompanied by switching on a nanometer-scale and simultaneous recording of the topography and current maps, has proven indispensable for microscopic study of memristive effects [73, [94] [95] [96] [97] [98] . Previously, we have shown that the surface of manganite epitaxial [73, 98, 99] and nanocolumnar [97] films initially exhibit a very high resistance state (HRS). It can be switched to a low resistive state (LRS) by applying a positive electric pulse voltage to the tip, U > 3 V, and back to HRS by applying a negative voltage pulse.
Beyond the previously reported switching characteristics, we observed discrete conductance levels on a microscopic scale. First, the LRS metal was initialized by several fast scans (1000 nm) under a positive electrical tip bias of 6 V; simultaneously recorded current maps confirmed the LRS on the entire scan area. Next, voltage pulses of reversed (negative) polarity, applied at four cantilever positions, yielded the emergence of two extended areas (see Figure 10a ) of increased resistivity: (1) around the lower right pulse position and (2) including both upper pulse positions. Comparison with the topography data in Figure 10b , illustrated by line profiles of height and resistance in Figure 10d , reveals a remarkable correlation between the sample height and the magnitude of the discrete resistance levels: the regions of lower (higher) resistance are found primarily in shallow (protruding) regions, respectively. As the vertical length scale spans only a few lattice constants, we claim that the discrete current values stem from the insulating barriers with thicknesses of integer numbers of atomic layers. The intensity maps in Figure 10c suggest a nonrandom, logarithmic spacing of the possible current values, indicating the HRS acts as a tunnel barrier. Therefore, we ascribed the HRS levels to the existence of DLs induced by the symmetry break at the surface. Recent studies on LSMO elucidated the loss of inversion symmetry at the surface results in a preferential occupation of the out-of-plane 3z 2 − r 2 orbital and in the emergence of a C-type antiferromagnetic layer with a thickness of ≈ 2.4 nm [100, 101] . Our results imply that both direct HRS-LRS (U tip > 0) and back LRS-HRS (U tip < 0) transformations proceed in a layer-by-layer fashion.
According to our model [35] , a dead layer at the surface, in contrast to the metallic LSMO in bulk, is viewed as a Mott-Hubbard insulator with a gap opening due to electronic correlations. Because of this gap, an intrinsic tunnel barrier is formed between the bottom (bulk metallic-like LSMO) and the top (Pt-coated AFM tip) electrodes. The width of this barrier and, thus, the tunneling conductance can be modified by electric fields. In this scenario, only two well-defined intrinsic resistive states are involved, and the observed multitude of "device" resistance levels (Figure 10c) originates solely from the varying number of layers, forming the insulating barrier at the surface. This picture is conceptually similar to that of switchable domain boundaries in multiferroic materials [101, 102] and to the switching of ferroelectic and multiferroic tunnel junctions [103, 104] .
From the fitting of the current-thickness dependence in Figure 10e by the Simmons model [35] reasonable values for the minimum barrier thickness z 0 ≈ 1.3 nm and the electrical contact area A ≈ 2.0 nm 2 were obtained. The evaluated barrier height φ = 46 meV has to be considered as a rough estimate, but in any case, φ cannot exceed 60 meV. Thus, the observed exponential thickness dependence of the current and a convincing fit by the Simmons model both evidence a tunneling behavior in our CAFM measurements. Being remarkably small, this barrier height between bulk LSMO and the dead layer indicates a band bending and concomitant reduction of the bulk hole doping (x = 0.15) at the surface. While the minimal barrier thickness cannot be accurately determined from the given fit and some thickness values might be allowed yet unrealized in the presented experiments, it is yet remarkable that the obtained value of 1.3 nm is in perfect agreement a 2 to 4 u.c. thick very robust C-type antiferromagnetic layer at LSMO interfaces [99, 100] . reveals a remarkable correlation between the sample height and the magnitude of the discrete resistance levels: the regions of lower (higher) resistance are found primarily in shallow (protruding) regions, respectively. As the vertical length scale spans only a few lattice constants, we claim that the discrete current values stem from the insulating barriers with thicknesses of integer numbers of atomic layers. The intensity maps in Figure 10c suggest a nonrandom, logarithmic spacing of the possible current values, indicating the HRS acts as a tunnel barrier. Therefore, we ascribed the HRS levels to the existence of DLs induced by the symmetry break at the surface. Recent studies on LSMO elucidated the loss of inversion symmetry at the surface results in a preferential occupation of the out-of-plane 3z 2 − r 2 orbital and in the emergence of a C-type antiferromagnetic layer with a thickness of ≈ 2.4 nm [100, 101] . Our results imply that both direct HRS-LRS (Utip > 0) and back LRS-HRS (Utip < 0) transformations proceed in a layer-by-layer fashion. 
High-T C Ferromagnetic EP at SMO/LMO Interfaces
Perovskite heterostructures provide a rich playing field for design and engineering of oxide interfaces with the final goal to obtain interfacial EPs with unusual electronic behavior not present in the parent layers [105] . Recently we have reported [34] the MAD grown LaMnO 3 /SrMnO 3 (LMO/SMO) superlattices (SLs), showing a ferromagnetic EP with Curie temperature T C ≈ 360 K, originated from the electron transfer from the LMO "donor" layer to the overlying "acceptor" SMO layer. As a result, the SMO(top)/LMO(bottom) interface acquires ferromagnetic magnetization revealed by polarized neutron reflectometry.
The (LMO) m /(SMO) n superlattices (SLs) with integer number (m,n) of unit cells are artificial layered systems, in which the metal-insulator transition at T MI was found to depend on the m/n ratio [106] [107] [108] . The layered architecture allows diminishing the A-site disorder while keeping the averaged Sr-doping, x = n/(m+n), close to the optimal level, e.g., x = 1/3 for m = 2n. Such SLs have been usually grown by PLD and MBE. A bulk-like LSMO electrical and magnetic behavior was observed in SLs with very thin LMO and SMO layers, n = 1-2 u.c.; for n ≥ 3 an insulating ground state was established. In addition, an interfacial FM emergent phase with Curie temperature, T C ≈ 100-180 K, has been detected by polarized neutron scattering [107, 108] and ascribed to the atomically sharp LMO/SMO interface. The rough reverse interface SMO/LMO did not contribute to the magnetic signal [109] .
It is believed that EP formation is related to interfacial charge transfer [24, 110] , driven by the electrostatic (polar) mismatch. Some indications for the electronic/orbital interfacial reconstruction have been revealed by resonant soft X-ray scattering [106] and by linear/circular magnetic dichroism at the Mn L 2,3 -edge [19, 111, 112] . One can suggest that the charge transfer could be affected by the film growth conditions, such as temperature, oxygen partial pressure, epitaxy stress, etc. We have applied the MAD technique, providing high oxygen partial pressure pO 2 ≈ 0.2 bar during deposition and equipped by in situ growth control by optical ellipsometry to study the EP formation in LMO/SMO SLs.
In Figure 11 , we present the in situ measured time dependence of the ellipsometric phase shift ∆(t) during deposition of an [(LMO 15 /SMO 5 )] 10 SL. One can see a different behavior during the growth of LMO and SMO layers. Namely, ∆(t) increases linearly by the LMO growth in agreement with an increase in the LMO thickness similar to the case of LSMO growth [34] (see also Figure 2 ). In contrast, the SMO layer displays a complex behavior clearly seen in the inset in Figure 11 -the initial fast increase in ∆(t), followed by slowing it down at the end of SMO growth.
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In Figure 11 , we present the in situ measured time dependence of the ellipsometric phase shift Δ(t) during deposition of an [(LMO15/SMO5)]10 SL. One can see a different behavior during the growth of LMO and SMO layers. Namely, Δ(t) increases linearly by the LMO growth in agreement with an increase in the LMO thickness similar to the case of LSMO growth [34] (see also Figure 2 ). In contrast, the SMO layer displays a complex behavior clearly seen in the inset in Figure 11 -the initial fast increase in Δ(t), followed by slowing it down at the end of SMO growth. In Figure 12 , we present a comparison between the temperature-and field-dependent magnetism in SLs and in LSMO and LMO single films grown on STO(001). The LSMO displays a classic double exchange ferromagnetism 1 with TC = 355 K. The LMO film, in contrast to the A-AFM In Figure 12 , we present a comparison between the temperature-and field-dependent magnetism in SLs and in LSMO and LMO single films grown on STO(001). The LSMO displays a classic double exchange ferromagnetism 1 with T C = 355 K. The LMO film, in contrast to the A-AFM ground state in the stoichiometric bulk samples [1] , reveals an FM behavior with T C = 160 K, stabilized probably by epitaxy strain [113] and stoichiometric oxygen concentration [114] provided by MAD. Remarkably, the M(T) curve (see Figure 12a ,b) in SL with n = 5 reveals two well-separated transitions with T C1 < T C2 , marking the low (LTP)-and high-temperature (HTP) FM phases, respectively. Moreover, the suppressed M sat (5 K) ≈ 1.3 µ B /Mn, the increased H c = 550 Oe, and a pronounced exchange bias field, H EB ≈ 100 Oe (see Figure 12b ) point out the presence of an AFM phase at low temperatures. We found the magnetism in SLs depends strongly on the thickness of the constituting SMO and LMO layers: SLs with very thin layers (n = 1,2) behave similar to a homogeneous LSMO film and for n > 3 an inhomogeneous AFM/FM behavior was observed (see Figure 12c,d) . These data indicate that a boundary at n cr = 2 separates a homogeneous FM behavior (n ≤ 2) from a nonhomogeneous FM/AFM coexistence for SLs with n ≥ 3. As one can see in Figure 12c , T C1 decreases with increasing n and approaches T C ≈ 160 K for a single LMO film; we assigned it to the bulk-like LMO behavior. The enhanced AFM behavior for SLs n > 3 (see Figure 12d ), is due to the SMO layer: It acquires the AFM character by increasing the thickness. Remarkably, the HTP for n > 3 reveals practically constant T C2 = 352-358 K, signaling a behavior typical for interfacial EPs [105] .
The origin of the interfacial ferromagnetic EP can be obtained from the in situ growth monitoring by optical ellipsometry, superimposed onto the HRTEM HAADF image in Figure 13 (here the delays between SMO and LMO precursor pulses in the ∆(t) diagram were removed). One can see that the electronic properties of SMO in contrast to those of LMO are changing during the growth. Namely, the ∆-signal is additionally affected by the "electronic" parameter A n (N, D) , which reflects the changes in the electron density, N, within the first 2 u.c. of SMO growing on LMO. Here one can see a very large slope, d∆/dD = A n (N) ≈ 0.4 • /u.c., which exceeds that for the following LMO layer ≈ 0.31 • /u.c. This indicates an increase in the electronic density at the SMO(top)/LMO(bottom) interface. During the growth of the residual 3 u.c. of SMO, the phase shift rate decreases (Figure 13 ) leveling on the small value, A n (N, D) ≈ 0.1 • /u.c., in agreement with low electron concentration in SMO. The simulated the ∆(D) behavior ("green" curve in Figure 13 , see also [29] ) under the assumption of the electron transfer at the SMO/LMO interface fits nicely the measured ∆(D) behavior. Without charge transfer, the simulated "blue" curve ( Figure 13 ) does not fit the measured one. A qualitative model of the charge distribution along the growth direction is shown in Figure 13 (bottom panel). Due to the electron transfer across the SMO/LMO interface, the SMO layers close to the interface acquire electrons, becoming quasi optimally doped and ferromagnetic in agreement with the phase diagram of Sr-doped LMO [4] . The electrostatic/polar mismatch between the SMO and LMO as the former possesses a shortage and the latter excess of electrons seems to be a driving force for charge transfer. It can be diminished by spreading the electrons into the SMO during growth. Another interface LMO(top)/SMO(bottom) is electronically sharp as the electrostatic mismatch between the LMO and vacuum drives electrons onto the surface of LMO. Our model agrees nicely with the theoretical predictions of Calderon et al. [33] . They pointed out an electron excess at the LSMO surface or in other words, an electron-rich and LMO-like surface termination. According to Figure 13 , the characteristic scale of electron transfer~2-3 u.c., explains clearly the existence of critical thickness n cr = 2 u.c., separating a homogeneous LSMO-like FM ground state (n ≤ 2) and inhomogeneous FM/AFM coexistence (n > 3).
Summary and Outlook
We wish to summarize this review on polaronic emergent phases (EPs) by pointing out the following important issues. First, an in situ growth control with a sub-monolayer sensitivity of thin films and heterostructures was demonstrated by MAD. Combined with different ex-situ characterization techniques (x-ray diffraction and x-ray reflectivity, transmission electron microscopy, atomic force microscopy, etc.), it allowed us to get electronic and structural information of film samples with the resolution down to atomic scale. Moreover, MAD specific growth conditions were shown to be advantageous for oxide films and superlattices.
Second, a remarkable similarity between polaronic emergent phases (EPs) of different types can be emphasized. Indeed, they all are low dimensional (2D) phases induced by broken symmetry of different types: (a) translational symmetry break at the surface yields to an electronic-rich and LMO-like JT-disordered insulating surface layer with a thickness of~7 u.c. as detected by surface-enhanced Raman spectroscopy (SERS); (b) This dead layer can be additionally switched in a layer-by-layer fashion by an applied electric field; (c) inversion symmetry break at the SMO(top)/LMO(bottom) interface leads to an electron transfer and high-T C ferromagnetic interfacial 2 to 3 u.c. thick layer; and (d) the break of highly symmetrical paramagnetic phase due to charge ordering/localization leads to a JT correlated polaronic phase with a short-ordered charge and AFM spin correlations on a scale of~1 to 2 nm. The concept of broken symmetry (translation and inversion) as an overarching theme for the appearance of emerging polaronic phases could be especially relevant for manganites containing cations with different valence, i.e., Mn 3+ /Mn 4+ .
Third, these 2D polaronic EPs are formed as a result of charge, spin, and lattice reconstructions at the interface with broken symmetry. Moreover, the reconstructed EPs were found to be extremely susceptible to applied external fields, e.g., electric, magnetic, temperature, strain, and, thus, can play a decisive role in colossal effects observed in perovskite manganites. Such high field sensitivity is probably caused by the 2D geometry of polaronic EPs and related to it a short-range-interaction between charge, spin, and phonon degrees of freedom, preventing the formation of long-range ordered phases.
Concerning the high-T C FM phase at the SMO/LMO interface, our interpretation is based mainly on the electrostatic/polar mismatch between LMO and SMO, assuming the absence of lattice relaxation effects in LMO, such as Jahn-Teller and tetragonal distortions. The study of lattice relaxations on the development of EPs seems to be a very interesting outlook topic as they should accompany the charge transfer according to the "electron-spin-phonon" paradigm of strongly correlated oxides; it will be considered in the near future.
Furthermore, an interesting and important avenue of research is the study and growth control of the so-called double perovskites, e.g., La 2 NiMnO 6 , promising ferromagnetic insulating materials for spintronic applications due to the magnetodielectric coupling and multiferroic behavior [49] . The structure of a double perovskite along the [111] -axis can be viewed as an infinite sequence of LaNiO 3 /LaMnO 3 (LNO/LMO) layers. Considering the ionic formula of a B-site ordered double perovskite, e.g., La 2 3+ Ni 2+ Mn 4+ O 6 2− , the B-site ordered phase differs from a disordered one by a charge transfer reaction: Mn 3+ + Ni 3+ → Mn 4+ + Ni 2+ , i.e., an electron from Mn 3+ will be transferred to Ni 3+ ion. Analogously to the SMO/LMO interfaces, the B-site ordered phase can be viewed as an EP, appeared in, e.g., (LNO) m /(LMO) m superlattices, as a result of charge transfer. Such SLs provide a tool for ultimate control of B-site ordering by atomic layering.
